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Cooling molecular electronic junctions by AC current
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College of Science and Engineering, James Cook University, Townsville, QLD, 4811, Australia
Electronic current flowing in a molecular electronic junction dissipates significant amounts of
energy to vibrational degrees of freedom, straining and rupturing chemical bonds and often quickly
destroying the integrity of the molecular device. The infamous mechanical instability of molecular
electronic junctions critically limits performance, lifespan, and raises questions as to the technological
viability of single-molecule electronics. Here we propose a practical scheme for cooling the molecular
vibrational temperature via application of an AC voltage over a large, static operational DC voltage
bias. Using nonequilibrium Green’s functions, we computed the viscosity and diffusion coefficient
experienced by nuclei surrounded by a nonequilibrium ”sea” of periodically driven, current-carrying
electrons. The effective molecular junction temperature is deduced by balancing the viscosity and
diffusion coefficients. Our calculations show the opportunity of achieving up to 25% cooling of the
molecular junction temperature. As a result the molecular junction can sustain 1.5× more electric
current flow over the DC voltage case, without the associated increase in Joule heating.
INTRODUCTION
The basic building block for molecular electronics is the
single-molecule junction: a molecule chemically linked to
two leads. To date, the major achievements in molecu-
lar electronics have been in the development of a funda-
mental understanding of the quantum transport in single
molecules and ways to control it. However, there is a key
scientific challenge to be overcome before the commer-
cial potential of these technologies can be realized the
lifetime of molecular devices is notoriously small [1–3].
The record lifetime achieved this year in a breakthrough
experiment is still only 2.7 seconds[4], which is obviously
much shorter than what is expected for feasible post-
silicon technology.
Electric current flowing from macroscopic leads
through a sub-nanometer wide molecular constriction de-
posits significant amounts of power into the molecular
junction. Moreover, the situation is exacerbated by the
large molecule-metal contact resistance, typically, 1-100
MΩ which comes from the misalignment of molecular lev-
els and the leads’ Fermi energies. Molecular junctions
behave like insulators and require a high voltage bias for
device operation. As a result, the significant operational
voltage bias of a few volts across the molecular length
along with large electric current densities destroy the
molecular devices structural integrity through chemical
bond rupture, large scale molecular geometry alteration
or electromigration of the lead interfacial atoms.
The physical mechanisms of current-induced molecu-
lar device breakdown have been comprehensively stud-
ied experimentally[5–8], and theoretically[9–18]. Recent
theoretical proposals to specially engineer energy depen-
dence of the lead density of states [10] seem to lack prac-
tical appeal. The interesting idea of using spin-polarised
current to cool vibrations [19, 20] is limited to the use
of ferromagnetic leads which makes it inapplicable to the
vast majority of molecular electronic devices. Therefore,
a practical solution to the sensitivity of structural stabil-
ity in molecular junctions remains elusive. Subsequently,
we propose a new strategy to decrease the Joule heating
in molecular junctions: the application of a sinusoidal
voltage over the large DC voltage bias which acts to re-
duce the effective vibrational temperature of the molec-
ular junction.
We will use atomic units in all equations and presen-
tation of the calculated results.
MODEL HAMILTONIAN
The molecular junction is described by the general tun-
nelling Hamiltonian
H = HM +HML +HMR +HL +HR, (1)
where HM is the Hamiltonian for the molecule, HL and
HR are the Hamiltonians for the left and right leads,
while HML and HMR are for the interaction between the
central region and the left and right leads, respectively.
The molecule is modelled as a molecular orbital cou-
pled to a single classical degree of freedom
HM = ǫ(x)d
†d+
p2
2m
+ U(x). (2)
Here ǫ(x) is the energy of the molecular orbital. It is a
function of the classical coordinate x, which along with
the corresponding momentum p and potential U(x) de-
scribe the molecular geometry. Operator d† (d) creates
(annihilates) an electron in the molecule. We assume in
our calculations that the molecular orbital depends lin-
early on x
ǫ(x) = ǫ0 + λx, (3)
where λ is the coupling strength between the electronic
and nuclear degrees of freedom. The classical potential
is taken in the harmonic oscillator form
U(k) =
1
2
kx2, (4)
2where k is the spring constant associated with the chem-
ical bond of interest. The spin of electrons does not play
any physical role here and will not be included explicitly
into the equations.
Both leads are modelled as macroscopic reservoirs of
noninteracting electrons
HL +HR =
∑
kα=L,R
ǫkα(t)a
†
kαakα, (5)
where a†kα(akα) creates (annihilates) an electron in the
single-particle state k of either the left (α = L) or the
right (α = R) lead. The leads energy levels have a sinu-
soidal dependence on time due to an external AC driving
with frequency Ω and amplitude ∆α
ǫkα(t) = ǫkα +∆α cos(Ωt). (6)
Additionally, the leads are also held at different static
chemical potentials µα at all times, the difference be-
tween them corresponds to the applied DC voltage bias
V = µL − µR. Both sinusoidal AC and static DC
voltages are applied symmetrically in our calculations:
∆L = −∆R and µL = −µR, and the leads’ Fermi ener-
gies are set to zero.
The coupling between the central region and the left
and right leads are given by the tunnelling interaction
HML +HMR =
∑
kα=L,R
(tkαa
†
kαd+ h.c.), (7)
where tkα is the tunnelling amplitude between the leads
single-particle states and the molecular orbital.
NONEQUILIBRIUM VISCOSITY, NOISE AND
EFFECTIVE TEMPERATURE PRODUCED BY
AC DRIVEN ELECTRONS
Joule heating is a balancing process between the elec-
tronic time-dependent viscosity and the amplitude of the
random force exerted by AC driven electrons. They play
opposite roles: the viscosity deposits energy from nu-
clear vibrations back onto the electrons, while the ran-
dom force dissipates the power of the electric current into
nuclear motion. If one prevails, it results in the domina-
tion of cooling or heating processes.
The time-dependent electronic viscosity and diffusion
coefficients produced by the AC driven electrons are
computed using nonequilibrium Green’s functions. This
method is based on the time-separation solution of the
Keldysh-Kadanoff-Baym equations for nonequilibrium
Green’s functions, and utilizing this to compute the force
exerted by the electrons on the nuclear degrees of free-
dom and the time correlation of the dispersion of the
force operator [17, 21–24]. These derivations follow di-
rectly the derivations of the viscosity and diffusion for a
system with time-dependent coupling to the leads as dis-
cussed in [17, 25], as long as the time-derivatives of the
self-energies are not specified explicitly. Notice that in
addition to the standard assumption that the dynamics
of mechanical degrees of freedom are slow in compari-
son with the electron tunneling time, we have to assume
that the rate of change of the leads’ energies due to the
external AC driving is also smaller than the electronic
tunneling time across the junction [26]. This means that
the validity of our approach requires that the character-
istic frequency of the nuclear motion and the AC driving
frequency should both be smaller than molecular level
broadening due to the coupling to the leads Γ.
Under these separable time-scale assumptions, the viscosity ξ and the diffusion coefficient D can be computed from
the Keldysh-Kadanoff-Baym equation and are given by the following expressions (details of the derivations are shown
in supplementary materials):
ξ(t) =
[ǫ′(t)]2
2
∫
dω
2π
GR(t, ω)GA(t, ω)
(
GA(t, ω)−GR(t, ω)
)
∂ωΣ
<(t, ω), (8)
D(t) = [ǫ′(t)]2
∫
dω
2π
G<(t, ω)G>(t, ω) + [ǫ′(t)]2
∫
dω
2π
{
δG<(t, ω)G>(t, ω) +G<(t, ω)δG>(t, ω)
}
. (9)
The viscosity and diffusion coefficients depend on the advanced and retarded adiabatic Green’s functions,
GA/R(t, ω) =
[
ω − ǫ(t)− ΣA/R(t, ω)
]−1
, (10)
3G</>(t, ω) = GR(t, ω)Σ</>(t, ω)GA(t, ω) (11)
which follow the adiabatically, instantaneously computed
time-dependent trajectories of the mechanical degrees of
freedom as well as the external AC driving of the leads.
The diffusion coefficient also depends on the first order
dynamical corrections to the lesser and greater Green’s
functions due to the AC driving in the leads’ self-energies
δG</>(t, ω) =
i
2
GR(t, ω)GA(t, ω)
×
(
GA(t, ω)−GR(t, ω)
)
∂tΣ
</>(t, ω). (12)
In all our calculations we employ the wide-band ap-
proximation for the leads’ density of states and tunnelling
amplitudes, which results in the following expressions for
the self-energies of the AC driven leads:
Σ<α (t, ω) = iΓα
∞∑
n=−∞
fα(ω + nΩ/2)
× (−1)nJn
(
2∆α cos(Ωt)
Ω
)
(13)
Σ>α (t, ω) = −iΓα +Σ
<
α (t, ω), (14)
ΣAα =
i
2
Γα; Σ
R
α = −
i
2
Γα, (15)
where Γα is the standard level-broadening function due
to the coupling to lead α, fα(ω) is the Fermi-Dirac distri-
bution of electronic occupations in the α lead, and Jn(z)
is the Bessel function of the first type.
The expression for the viscosity (8) resembles the vis-
cosity for a system with DC current [17, 21–24], how-
ever, it is defined here using Green’s functions with sinu-
soidally driven lead self-energies. The diffusion coefficient
(9) consists of two terms: the first term is again the stan-
dard expression similar to what was used in DC current
junctions [17, 21–24], the second term is new and arises
from the dynamical corrections to the lesser and greater
Green’s functions (again computed using sinusoidally os-
cillating self-energies).
Using ξ and D we define an effective temperature of
the molecular junction averaged over a period of AC os-
cillation in the leads
TAC =
Ω
2π
∫ 2pi/Ω
0
dt
D(t)
2ξ(t)
, (16)
where D(t)2ξ(t) is the instantaneous temperature introduced
via analogy with the equilibrium fluctuation-dissipation
theorem.
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FIG. 1: Electronic viscosity (a) and diffusion coefficient
(b) computed as functions of the AC driving frequency
and the molecular orbital energy. Parameters used in
calculations: λ = 0.1, ΓL = ΓR = 0.03, k = 1, V = 0.02,
∆ = 0.01.
RESULTS AND DISCUSSIONS
Figure 1 shows the viscosity and diffusion coefficient
(averaged over a period of oscillation and also statisti-
cally averaged with respect to possible values of x). The
viscosity and diffusion coefficients are shown as a ratio
to the corresponding DC (static) values, the DC calcu-
lations are performed using (8) and (9) and setting the
amplitude of sinusoidal voltage modulation ∆ = 0 [17].
Application of the AC driving reduces both the viscos-
ity and diffusion coefficient in the resonance tunnelling
regime when the molecular orbital is close to leads’ Fermi
level. Once the molecular orbital is moved away from
resonance, therefore increasing the tunneling barrier for
electrons, both the AC viscosity and AC diffusion coef-
4ficient become larger than the corresponding DC coun-
terparts. However, in this off resonance regime of ǫ0, the
growth in the viscosity due to the application of an AC
voltage outweighs the corresponding growth to the diffu-
sion coefficient, resulting in an optimal transport regime
in which the molecular junction is cooled.
Figure 2 shows the ratio TAC/TDC computed for vari-
ous transport regimes. The AC temperature is compared
to the static DC temperature TDC computed again as the
ratio between the diffusion and friction coefficients, but
now obtained using NEGF calculations for static leads
[17]. Both temperatures are again statistically averaged
over x and over the period of AC driving. As we have
already deduced from the behaviour of the viscosity and
diffusion coefficient, the cooling is observed in the off res-
onance transport regime. The effect of cooling is more
significant for slow AC driving (Figure 2-(a)) and is am-
plified if the amplitude of voltage driving is increased
(Figure 2-(b)). Figure 2-c shows the case of a large static
bias voltage, which also enables the consideration of large
AC voltage amplitudes; as one observes, it enables a re-
duction to the effective temperature by as much as 25%.
The molecular junction’s effective temperature is given
as a balance between the viscosity and diffusion. In our
previous work [17] (and in agreement with Subotnik et al
results [27]), peaks in the friction occur when the molec-
ular orbital energy aligns with either the left or right
chemical potentials, since the electrons can deposit any
amount of energy taken from the nuclear degrees of free-
dom to the leads via inelastic scattering to the available
empty states above the chemical potential. This is in
contrast to the diffusion which has contributions from all
levels in the resonant region. For ǫ0 = 0, we observe an
increase to the temperature relative to the static case,
implying that the diffusion is becoming more dominant
in this region. When our energy level is just outside the
resonance region, the increases to the viscosity are over-
powering the increases to the diffusion. This is because
the application of an AC driving voltage allows increased
interaction between the energy level and the high energy
electrons in the left or right lead, which would be im-
probable in the DC voltage case.
Figure 3 demonstrates the role of the chemical bond
spring constant k and the coupling strength between the
electronic population and the nuclear motion. These pa-
rameters are interconnected. The term λx in (3) results
in the shift of the molecular orbital energy due to de-
viations away from the equilibrium nuclear position. λ
describes the magnitude of this shift whilst k governs the
range of variation in the x coordinate. Therefore, λ/k
accounts for both effects. As shown in figure 3, the cool-
ing effects are observed in the off resonance regime when
λ/k < 0.5. This means that this cooling phenomenon
can be observed for systems with rigid chemical bonds,
or weak electron-nuclear coupling. In any other case, the
deviations in the energy level due to nuclear motion may
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FIG. 2: Ratio of AC and DC molecular temperatures
computed as functions of molecular orbital energy. (a)
shows the results for different AC driving frequencies
with ∆ = 0.01 and V = 0.02 (b) shows the results for
different amplitudes of AC voltage oscillations with
Ω = 0.004 and V = 0.02. (c) shows the ratio for a higher
DC voltage V = 0.06 and ∆ = 0.03. Other parameters
used in calculations: λ = 0.1, ΓL = ΓR = 0.03, k = 1.
50.2 0.4 0.6 0.8 1
-0.15
-0.1
-0.05
0
0.05
0.1
1
1.5
2
FIG. 3: Ratio of AC and DC molecular temperatures.
λ/k is the strength of the coupling between electronic
and nuclear degrees of freedom over the chemical bond
spring constant. ǫ0 is molecular orbital energy.
Parameters used in calculations: ΓL = ΓR = 0.03,
Ω = 0.004, V = 0.06 and ∆ = 0.03.
be large enough such that the level leaves this cooling
region.
The temperature increase per se may not be a com-
plete measure of the cooling increase, since the AC driv-
ing may simply produce a smaller current (averaged over
the period of oscillation) relative to the corresponding
DC voltage, resulting in less power dissipated over the
molecule. In order to quantify this, we introduce the
following quantity
η =
JAC/JDC
TAC/TDC
, (17)
where JDC is computed using the Landauer formula for
static leads, and JAC is the exact electric current (aver-
aged over a period of oscillation) computed using Jauho,
Meir, and Wingreen NEGF theory for AC driven quan-
tum transport [28]. We call η the ”cooling efficiency”,
where η > 1 means that the application of an AC driving
has had a positive impact on stable electronic transport
through the molecular junction, enabling larger currents
with minimal increased heating. As an analogy, consider
the temperature to be the cost while the current is the
reward; a larger η means we are getting a better deal rel-
ative to the static voltage case. Figure 4 shows that the
cooling efficiency reaches a maximum value of 1.5, which
means that with the AC driving the molecular junction
can sustain an average electric current that is 1.5 times
larger without the penalty of the temperature increase.
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FIG. 4: Cooling efficiency defined by Eq.(17) as a
function of the molecular orbital energy. Parameters
used in calculations: λ = 0.1, ΓL = ΓR = 0.03, k = 1,
Ω = 0.004, V = 0.06 and ∆ = 0.03.
CONCLUSIONS
We have demonstrated that the application of an AC
driving in the leads’ voltage can result in a significant re-
duction to the power dissipation in a molecular junction,
relative to the case of a large static voltage. The lifetime
of a chemical bond is τlife ∼ e
Eb/kT , where Eb is the ener-
getic barrier for bond dissociation. One observes that the
lifetime depends exponentially on the effective tempera-
ture T ; therefore, even a moderate temperature reduction
produces a colossal extension of the device lifetime. Al-
though the cooling was the main focus of our paper, it
has not escaped our notice that depending upon the pa-
rameters, the sinusoidal driving of the leads may result
in significant heating of the molecular junction. How-
ever, this may also allow for enhanced device functional-
ity as this parameter-controlled heating may be utilized
for current-induced selective bond breaking, and energy
efficient single-molecule catalysis of chemical reactions.
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